Macrolide antibiotics have an outstanding ability to concentrate within host cells, particularly phagocytes. In the study described in this paper five different macrolide antibiotics were compared regarding the uptake and release kinetics in human peripheral blood polymorphonuclear neutrophils (PMNs) and three different cell lines, two phagocytic cell lines (RAW 264.7 and THP-1) and an epithelial cell line (MDCK). Based on the results obtained, the substances tested could be clustered into different groups. Azithromycin constituted the first group, characterized by rapid and nonsaturable uptake into phagocytic cells and a high degree of retention in the preloaded cells. The second group included erythromycin and clarithromycin. These two substances do not exhibit cell specificity; consequently, they are taken up to a similar extent and are released by all cell types studied. Ketolides constituted the last group. Their uptake was saturable in cells of monocytic lineage as well as in nondifferentiated cells of myeloid lineage, and they were rapidly released from all the cell lines studied. However, in PMNs, ketolide uptake was not saturable; and unlike telithromycin, cethromycin rapidly egressed from the loaded cells.
Macrolide antibiotics are a well-established class of antimicrobial agents characterized by the presence of a highly substituted macrocyclic lactone ring. Extensive chemical modifications of a natural compound, erythromycin A, have led to the development of numerous semisynthetic derivatives with increased bioavailabilities and antimicrobial spectra (azalides) (3) . A new subclass, ketolides, has recently emerged to overcome the problems of inducible macrolide-lincosamide-streptogramin B resistance (6, 19) .
Macrolide antibiotics possess several interesting features, among which are exceptionally high levels of accumulation and retention in cells and tissues, in particular, phagocytes. A beneficial consequence of macrolide accumulation within cells is increased activity against intracellular pathogens (16) . In addition, phagocytes serve as a vehicle that transports macrolides to the site of infection (tissue-directed pharmacokinetics) (8, 9) . Therefore, various in vitro accumulation and release studies of macrolides have been performed. The cells preferentially analyzed in those experiments were phagocytes, in particular, human polymorphonuclear neutrophils (PMNs) (11, 13, 20, 36) . Based on the results obtained, Labro (17) has proposed classification of these antibiotics into two groups. The first group includes dibasic molecules, such as azithromycin, which are massively accumulated within PMNs, with no saturation in uptake during a 3-h incubation period, and which are slowly released from the preloaded cells. The second group consists of monobasic molecules, such as erythromycin, whose uptake is rapid but saturable and which rapidly egress from the loaded cells. Interestingly, ketolides display intermediate characteristics between these two groups (34, 36) . Despite the many uptake studies that have been conducted so far, the mechanism of entry and accumulation of macrolides has not been elucidated yet. However, more and more data support the idea of the existence of an active transport system for macrolides. Factors include dependence of the uptake on cell viability, temperature, pH, and extracellular Ca 2ϩ ; competition among macrolides for entry into cells; and interindividual variability in the kinetics of uptake (22, 23, 34, 36) . At the same time, considerably fewer data on the release mechanisms of macrolides from the host cells are available (11, 34, 36) . To overcome the differences in the kinetics of uptake and efflux that have been observed as a result of interindividual variability among PMNs from different donors, studies of various phagocytic and nonphagocytic cell lines have begun (1, 2, 4, 22, 28, 29, 35) .
In the present study, five different macrolide antibiotics, azithromycin, erythromycin, clarithromycin, telithromycin (HMR 3647), and cethromycin (ABT-773), were compared regarding their uptake and release kinetics in human PMNs and three different cell lines. The cell lines used were RAW 264.7, derived from murine macrophages; THP-1, a promonocytic cell line; and MDCK, a canine kidney epithelium cell line. This is the first study in which these macrolides have been compared simultaneously in a variety of different cell lines.
MATERIALS AND METHODS
Antibiotics. Erythromycin was purchased from Sigma. Clarithromycin, azithromycin, and cethromycin (ABT-773) (internally synthesized by Dražen Pavlović, as described by Ma et al. [19] ) were provided by PLIVA Research Institute Ltd. Telithromycin (HMR 3647) was from GlaxoSmithKline, Italy (internally synthesized by Federica Damiani, as described by Denis et al. [6] ). All the substances tested were dissolved in dimethyl sulfoxide (DMSO; Kemika, Croatia) at a concentration of 25 mg/ml and were further diluted in RPMI 1640 medium (Institute of Immunology, Croatia) to the desired concentrations.
Human PMNs. PMNs were obtained from the venous blood of healthy volunteers by sedimentation on 2% dextran T-500 (Amersham Biosciences, Sweden), followed by Ficoll-Paque (Amersham Biosciences) density gradient centrifugation and hypotonic lysis of residual erythrocytes.
Cell lines. The RAW 264.7 and THP-1 cell lines were obtained from the European Collection of Cell Cultures, United Kingdom, while MDCK cells were from the American Type Culture Collection (ATCC). RAW 264.7 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 50 U/ml penicillin, 50 g/ml streptomycin, and 2.5 g/ml amphotericin B (Fungizone). The THP-1 cell line was maintained in RPMI 1640 medium containing 10% heat-inactivated FBS, 50 U/ml penicillin, 50 g/ml streptomycin, and 2.5 g/ml amphotericin B. MDCK cells were grown in minimum essential medium (MEM) supplemented with 10% heat-inactivated FBS, 0.1 mM MEM nonessential amino acids, 1 mM sodium pyruvate, 50 U/ml penicillin, 50 g/ml streptomycin, and 2.5 g/ml amphotericin B. All media were purchased from the Institute of Immunology, Croatia, while all medium supplements were from Gibco, Australia.
Antibiotic uptake. PMNs were resuspended in RPMI 1640 medium at a concentration of 5 ϫ 10 6 cells per 3 ml. The cells were incubated at 37°C for up to 3 h in a shaking water bath with 10 g/ml of the tested macrolide. Free and cell-bound macrolide was separated by centrifugation (18,400 ϫ g, 5 min, 10°C) through poly(dimethylsiloxane-co-diphenylsiloxane), dihydroxy terminated (Aldrich Chemical Company). The cell pellet was disrupted by sonication (output power 3, 1 min; Microson Ultrasonic Cell Disruptor XL; Misonix) in the presence of 0.5% Triton X-100 (Sigma).
RAW 264.7 cells were seeded in a six-well plate in DMEM with 10% FBS at a concentration of 5 ϫ 10 6 cells per well. The cells were allowed to adhere to the well for 2 h. Afterwards, the medium was removed from the wells and the cells were washed with phosphate-buffered saline (PBS). The cells were incubated at 37°C in an atmosphere containing 5% CO 2 for up to 3 h with 10 g/ml of the tested macrolide in DMEM with a total volume of incubation of 3 ml. After incubation, the cells were washed four times with ice-cold PBS, scraped off and placed in 0.5% Triton X-100, and disrupted by sonication.
A total of 1 ϫ 10 7 THP-1 cells were incubated in 3 ml of a 10-g/ml macrolide solution in RPMI 1640 medium in a closed glass tube. The samples were incubated in a water bath at 37°C with shaking for up to 3 h. After incubation, the cells were removed from the incubation medium by centrifugation (359 ϫ g, 10 min, 10°C) and were washed three times with ice-cold PBS. The cell pellet was lysed in 0.5% Triton X-100 by sonication.
MDCK cells were seeded in a six-well plate in MEM with 10% FBS, 0.1 mM MEM nonessential amino acids, and 1 mM sodium pyruvate at a density of about 3 ϫ 10 6 cells per well. The cells were allowed to adhere to the well overnight. Afterwards, the medium was removed from the wells and the cells were washed with PBS. The samples were incubated for up to 3 h with 10 g/ml of the tested substance in MEM with a total volume of incubation of 3 ml. After incubation, the cells were washed four times with ice-cold PBS, scraped off and placed in 0.5% Triton X-100, and disrupted by sonication.
Drug-naïve cells were resuspended in different concentrations of macrolide solutions. The spiked cells were then immediately sonicated and analyzed in the same manner as all the other samples. The results obtained were used for determination of the recovery of the substance after interaction with the cell lysate.
Drug-naïve cells were resuspended in 0.5% Triton X-100 and disrupted by sonication. The inhibitory zones of samples prepared in this way represent the influence on bacterial growth of the cell lysates themselves and were therefore subtracted from all the results obtained.
Antibiotics were also added to drug-naïve cells immediately before they were washed to determine the amount of background that may arise from substance that had remained on the surfaces of the cells or the walls of the dishes. With all macrolides, the background for samples prepared in this way was the same as that for the cell lysates of drug-naïve cells, indicating that the samples were thoroughly washed (data not shown).
Antibiotic release. PMNs and THP-1 cells were preloaded with 10 g/ml of the tested substance for 1 and 3 h, respectively, as described above for the procedure for uptake. Afterwards, they were removed from the drug-containing medium by centrifugation (359 ϫ g, 10 min, 10°C). The cells were washed in ice-cold PBS; resuspended in 5 ml of ice-cold RPMI 1640 medium; and incubated for up to 3 and 2.5 h, respectively, at 37°C in a water bath with shaking. The cells were then washed three times in ice-cold PBS and disrupted by sonication.
RAW 264.7 and MDCK cells were incubated for 3 h with 10 g/ml of the substance, as described above for the uptake experiments. Afterwards, they were washed three times with ice-cold PBS and incubated for up to 3 h in 4 ml of drug-free medium. After the incubation, the cells were washed twice with icecold PBS, scraped off and placed in 0.5% Triton X-100, and disrupted by sonication.
Macrolide quantitation. The quantity of the cell-associated macrolide was determined by the microbiological method of diffusion in agar (7, 12) by using Micrococcus luteus (ATCC 9341). Standard curves were prepared from stock solutions in DMSO, which were diluted to the desired concentration in 0.5% Triton X-100.
Cell recovery and viability. In each experiment at least three samples per substance were incubated with the macrolide tested to check cell recovery and viability after incubation. These samples were handled in the same way as all the other drug-loaded samples. The only exception was that at the end the cells were resuspended in medium. The cell number was determined with a hematological analyzer (SF-3000; Sysmex, Japan). In all experiments with RAW 264.7 cells, cell recovery was always greater than 50%, with an average of about 75%. The rate of recovery of MDCK cells after incubation was greater than 80%. Such a high recovery rate is probably due to the fact that the cells were seeded 1 day before the beginning of the experiment, giving some of them enough time to divide once more. In experiments with PMNs and THP-1 cells, the rate of cell recovery was about 50%.
Cell viability after incubation, as assessed by trypan blue dye exclusion, was about 80% for RAW 264.7 cells and about 90% for PMNs and THP-1 cells. The viability of MDCK cells was not determined, since the cells were mechanically removed from the wells after incubation, and most of them were damaged in this process. Scraping was preferred over trypsinization, because incubation of the cells with trypsin at 37°C for at least 3 min might promote the release of accumulated substances from the cells. Instead, after incubation the cells were examined under a microscope to determine the existence of detached and, therefore, probably dead cells.
None of the substances tested had any significant effect on cell recovery or viability.
Data analysis. Each experiment was repeated at least three times, with all the samples taken in triplicate. The concentration of cell-associated antibiotic was determined based on the knowledge of the mean number of cells in the experiment and the cell volume. According to the literature, 10 6 cells are considered to have volumes of 0.24 l for PMNs (24), 1.068 l for RAW 264.7 cells (2), 2.7 l for MDCK cells (31), and 1.2 l for THP-1 (22) . Uptake of macrolides was expressed as the ratio of the intracellular concentration to the extracellular concentration of antibiotic (I/E), where the extracellular concentration was taken as constant (10 g/ml) due to the large relative volume of incubation medium. The efflux of macrolides was expressed as the percentage of drug remaining associated with the cells after incubation in drug-free medium.
RESULTS
Incorporation of macrolides into cells. Cells were incubated in macrolide-containing medium. At the end of the incubation period, the amount of accumulated substance was determined by the microbiological method of diffusion in agar. Based on the knowledge of the mean number of cells in the experiment and the cell volume, the I/E ratio was calculated.
Azithromycin, telithromycin, and cethromycin were extensively taken up by PMNs without saturation during a 3-h incubation period. Cethromycin showed the strongest accumulation, with an I/E ratio exceeding 500 after 3 h. On the other hand, uptake of erythromycin and clarithromycin was moderate and reached a plateau within 60 min (Fig. 1A) .
In RAW 264.7 cells incubated with azithromycin, the intracellular concentration of the macrolide was about 35 times higher than the extracellular concentration after 3 h of incubation. The uptake was nonsaturable even after 24 h (data not shown). Contrary to azithromycin, erythromycin, clarithromycin, and telithromycin were only moderately taken up by the cells. Their uptake was saturable and reached a plateau within 60 min. Further incubation of the cells for up to 3 h did not enhance the uptake of these drugs. Cethromycin rapidly penetrated the cells within the first hour of incubation, and afterwards the I/E ratio remained almost the same (Fig. 1B) .
Azithromycin concentrated within THP-1 cells, with no saturation during the whole incubation period. On the other hand, erythromycin and clarithromycin were very poorly accu- (22), the plateau of telithromycin decreased with time (Fig. 1C) . Cethromycin was substantially concentrated in the MDCK cells, with no saturation during the whole incubation period. On the other hand, azithromycin, clarithromycin, and erythromycin were poorly taken up by the cells, with I/E ratios lower than 5 in the first 3 h of incubation. Uptake of telithromycin was moderate and reached a plateau in the first 60 min of incubation (Fig. 1D) .
Release of macrolides. Macrolide-loaded cells were placed in a drug-free medium, and the amount of substance that remained within the cells was determined by bioassay. The results are expressed as the percentage of the drug that remained cell associated at the end of incubation.
Azithromycin and telithromycin were slowly released from PMNs after the removal of extracellular drug. After 3 h, approximately 80% and 55% of the accumulated drugs, respectively, remained trapped within the cells. In contrast, the efflux of erythromycin, clarithromycin, and cethromycin was rapid; about 90% of the substance was exported into the medium during the first hour of incubation ( Fig. 2A) .
Azithromycin was slowly released from the preloaded RAW 264.7 cells. About 20% of the accumulated substance egressed during the first hour of incubation in a drug-free medium. Further incubation of the cells for up to 3 h did not increase the drug efflux, and 75% of the substance remained cell associated. The other substances tested, erythromycin, clarithromycin, telithromycin, and cethromycin, showed massive and rapid release from the cells. The cell-associated antimicrobial levels were less than 20% after 2 h of incubation (Fig. 2B) .
The substances tested were rapidly released from the preloaded THP-1 cells. However, azithromycin showed a gradual but continuous egress during the whole incubation period. The other substances massively egressed from the cells, with about 90% of the drug released in the first 30 min of incubation (Fig.  2C) .
Elution of azithromycin from MDCK cells was slow; after a 3-h incubation of loaded cells in drug-free medium, about 70% of the substance remained trapped within the cells. On the contrary, erythromycin, clarithromycin, telithromycin, and cethromycin were substantially released from the cells, with (Fig. 2D ).
DISCUSSION
In this study five different macrolide antibiotics, azithromycin, erythromycin, clarithromycin, telithromycin, and cethromycin, were compared regarding their uptake and release kinetics in PMNs and three different cell lines, two phagocytic cell lines and an epithelial cell line. Based on the results obtained, the substances tested could be divided into three groups.
In the first group, azithromycin was concentrated within all cells tested, with no saturation during a 3-h incubation period. It accumulated much more in phagocytic cell lines than in nonphagocytic cell lines. This correlates well with the results published by Pascual et al. (29) , who compared the uptake kinetics of azithromycin in human PMNs, peritoneal macrophages, and two nonphagocytic cell lines, McCoy cells (murine fibroblasts) and HEp-2 cells (tissue-cultured epithelial cells).
When the results for the phagocytic cells tested were compared, it was found that mature phagocytes (PMNs and RAW 264.7) accumulated more azithromycin than nondifferentiated phagocytic precursors (THP-1). Similar findings were reported by Munic et al. (26) for azithromycin uptake into PMNs, their nondifferentiated precursors (HL-60 cell line), and HL-60 cells differentiated toward granulocytes with retinoic acid, and by Abdelghaffar et al. (1) for azithromycin uptake into PMNs, their nondifferentiated precursors (PLB-985 cell line), and PLB-985 cells differentiated toward granulocytes. This suggests that during the process of differentiation, cells acquire some additional characteristics that are involved in the entry of macrolide antibiotics into cells and the accumulation of macrolide antibiotics in cells. Our data are in contrast to those of Hall et al. (10) . In their studies, the uptake of azithromycin into THP-1 cells was very high even after only 30 min (I/E ratio, nearly 200 with an extracellular concentration of 4 g/ml). These findings are not in agreement with either our data or other published data on azithromycin uptake into cultured phagocytic cell lines, which show that uptake occurs gradually over several hours (2, 4) .
In our study, azithromycin was slowly released from the loaded PMNs, murine macrophages, and MDCK cells. of incubation in drug-free medium. The high level of retention of azithromycin in cells is probably due to its weakly basic nature, which results in protonation and trapping of the substance within acidic compartments. This is supported by the observation that substances that neutralize the lysosomal pH and that therefore prevent protonation and the subsequent trapping of azithromycin markedly increase its efflux from the PMNs (11) . The second group of compounds included erythromycin and clarithromycin. For these macrolides, uptake was poor and reached a plateau within the first hour of incubation. However, if we compare the two substances, clarithromycin accumulated slightly more than erythromycin in all cell types. Phagocytes accumulated somewhat more substance than their progenitors and epithelial cells. Contrary to azithromycin, erythromycin and clarithromycin did not seem to be tightly cell associated and they did not exhibit cell specificity, as they were taken up to a similar extent and released by all cell lines studied. These results are in agreement with the data reported by Martin et al. (21) , who studied the kinetics of accumulation and release of erythromycin in various tissue culture cells.
Telithromycin and cethromycin constitute the last group. Their uptake was saturable in the promonocytic cell line (THP-1), which is in line with the earlier findings of Vazifeh and Labro (35) . A saturation uptake profile was also observed in murine macrophages (RAW 264.7 cell line). Miossec-Bartoli et al. (22) reported similar findings in their experiments on the accumulation of telithromycin in human peripheral blood mononuclear cells and the THP-1, NB4, and K562 cell lines. Therefore, uptake of ketolides is saturable in cells of the monocytic lineage as well as in nondifferentiated cells of myeloid lineage. Although all-trans-retinoic acid-differentiated promyelocytes (HL-60 cell line) accumulate more telithromycin than their undifferentiated counterparts, they still display saturable uptake kinetics (26) . Moreover, Miossec-Bartoli et al. (22) showed in their experiment with telithromycin and the NB4 cell line (a promyelocytic cell line) that upon differentiation of the cells, there are changes not only in the extent of accumulation but also in the intracellular location of the substance.
Ketolides were rapidly released from the preloaded cells. This is in agreement with data published by Miossec-Bartoli et al. (22) , who showed that telithromycin is specifically trapped in the azurophilic granules of mature PMNs and is quickly released from other cell types. On the other hand, cethromycin egressed rapidly even from the PMNs. Although in comparison to telithromycin, cethromycin accumulated more in all the cells tested, it did not remain tightly bound or trapped within cellular compartments. This observation can be explained by the different cellular locations of the two ketolides tested. Unlike telithromycin, which accumulates in the granular compartment of PMNs (22, 36) , cethromycin is mainly located in the cytosol (18) .
In addition, our results demonstrate the selective in vitro behaviors of compounds that in vivo are all widely distributed throughout the body (5, 7, 25, 30) . Extensive accumulation in vitro of established macrolide antibacterials within cells shows in general an inverse correlation with serum concentrations in vivo. This is illustrated by the fact that the peak serum concentration of azithromycin after a single 500-mg oral dose is approximately 0.4 mg/ml (7). This is four-to fivefold lower than the serum concentration achieved with a comparable dose of erythromycin (1.5 mg/liter) (15) or clarithromycin (2.3 mg/ liter) (14) . The slow release from the cells that was observed leads to prolonged retention of the substance in the body and probably influences the terminal half-life of the drug and, subsequently, the dosing regimen. The terminal half-lives after a single oral dose are about 40 h for azithromycin (7) and about 7 h for telithromycin (27) , which thus allow once-daily dosing. On the other hand, clarithromycin and erythromycin, which have terminal half-lives of 4 h and 3 h, respectively (30), require multiple doses daily. These half-lives show a general inverse correlation with the in vitro release rates described in our study. In addition, infections caused by obligate or facultative intracellular pathogens can be eradicated as a result of the intracellular penetration and accumulation of substances (32, 33) . Consequently, the differences in the uptake and the release kinetics of macrolide antibacterials observed in vitro could, among other factors, account for the differences in the terminal half-lives and the in vivo potencies of the substances. This in vitro-in vivo inverse correlation may well be applicable to newer agents, including ketolides. However, further comparative in vivo studies are needed to confirm the validity of such an in vitro-to-in vivo correlation.
In conclusion, as described in numerous papers published over the last few years, macrolide antibiotics have an outstanding ability to concentrate within host cells. Labro (17) has proposed classification of these antibiotics into two groups, according to their pharmacokinetic profiles in human PMNs. However, ketolides display intermediate characteristics between these two groups (34, 36) . The results presented in this paper confirm this behavior and extend the observations of the kinetics of the accumulation and the release of macrolides to three different cell lines, in which, again, it was shown that ketolides do not entirely fit into either of the other two groups.
